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ABSTRACT Protein-bound tyrosyl radicals catalyze many important enzymatic reactions. They can also initiate oxidative
damage to cells. Here we report a new method of computer simulation of tyrosyl radical electron paramagnetic resonance
spectra. The method enables the determination of the rotational conformation of the phenoxyl ring in a radical with un-
precedented accuracy (;2). When coupled with a new online database, all tyrosine residues in a protein can be screened for
that particular conformation. For the ﬁrst time we show relationships between the spin density on atom C1 (rC1) and the princi-
pal g-factors measured by electron paramagnetic resonance spectroscopy (rC1 on gx is shown to be linear). The new method
enables theaccuratedeterminationof rC1 in all known tyrosyl radicals, evaluates the likelihoodof ahydrogenbond, anddetermines
the possibility of a rC1 distribution in the radicals. This information, together with the accurately determined rotational conformation,
is frequently sufﬁcient to allow for an unambiguous identiﬁcation of the site of radical formation. The possibility of a similar relation-
ship between rC and gx in other radicals, e.g., tryptophanyl, is discussed.
INTRODUCTION
Many proteins make use of free radicals as part of their
catalytic mechanism (Frey, 2001). Reactions catalyzed in-
clude electron transfer (e.g., photosynthetic reaction center),
biosynthesis (e.g. ribonucleotide reductase, i.e., RNR; pros-
taglandin H synthase, i.e., PGHS; and horseradish peroxi-
dase), the generation of reactive intermediates in host defense
(e.g., myeloperoxidase, lactoperoxidase), or the removal of
reactive oxygen species (e.g., catalase). The uncontrolled
formation of protein-bound free radicals is increasingly being
seen as playing a role in the etiology of a range of diseases,
e.g., rhabdomyolysis or subarachnoid hemorrhage (Reeder
et al., 2002).
Tyrosine (Tyr) is undoubtedly the most frequently reported
site of free radical formation in proteins. Some tyrosyl radicals
are associated with the enzymatic activity. Others are formed
transiently during enzyme turnover or inhibition. Tyrosyl
radicals have been found in RNR from different sources
(Allard et al., 1996; Reichard and Ehrenberg, 1983; Sahlin
et al., 1982); in ovine and human PGHS (Dorlet et al., 2002;
Hsi et al., 1994); in Mycobacterium tuberculosis catalase-
peroxidase treated with peroxyacetic acid (Chouchane et al.,
2002); in Dactylium dendroides galactose oxidase (Babcock
et al., 1992; Whittaker et al., 1996a); in Phanerochaete
chrysosporium glyoxal oxidase (Whittaker et al., 1996b); in
bovine catalase treated with H2O2 (Ivancich et al., 1996); in
human hemoglobin (Hb), soybean leghemoglobin (Lb), horse
and spermwhalemyoglobins (Mb) treatedwithH2O2 (Davies
and Puppo, 1992; Gunther et al., 2000, 1998; Svistunenko
et al., 2002); and in photosystem II (PSII) (Hoganson and
Babcock, 1992; Tommos et al., 1995).
The method of choice for detecting free radicals in proteins
is electron paramagnetic resonance (EPR) spectroscopy.
However, the assignment of an EPR spectrum to a tyrosyl
radical is not always straightforward, since tyrosyl radicals in
different proteins show very different EPR spectra. Further-
more, even when an EPR spectrum is deﬁnitively assigned to
a tyrosyl radical, the question remains: which tyrosine is
responsible for the radical? Conventionally, mutation of
different tyrosine residues is used to answer this question.
However, although site-directed mutagenesis can rule out
residues for which the mutation has no effect on the observed
EPR spectrum, perturbation of an EPR spectrum is not
unequivocal evidence that the radical is in the mutation site.
For example, the mutated amino acid may be involved in the
primary chemistry of radical formation which is then being
transferred to the ﬁnal stable site. In such case the mutation
will perturb the EPR spectrum even though the observed
radical is far away from the mutation. This appears to be
the case, for example, with sperm whale Mb treated with
hydrogen peroxide where the Tyr103 to Phe103 mutation
removes the observed tyrosyl radical, yet the radical is likely
to be on Tyr151 (Svistunenko et al., 2002).
The variability of the EPR spectra of the tyrosyl radicals in
different proteins (Fig. 1) is traditionally associated with the
ability of the phenolic group in tyrosine to rotate around the
CbC1 bond (Fig. 2).
When a radical is formed on a Tyr, the oxygen proton is
lost. The EPR spectrum is therefore deﬁned by the hyperﬁne
interaction of the unpaired electron with the four ring protons
and with the b-protons of the methylene group. The hyper-
ﬁne interaction with the b-protons depends on the rotation
angle u (Fig. 2), according to the McConnell relation
(McConnell and Cheshunt, 1958),
A
b
iso ¼ rC1ðB#1B$ cos2uÞ; (1)
where Abiso is the isotropic hyperﬁne splitting constant, rC1 is
the spin density on atom C1, and B# and B$ are constants,
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with B# being commonly neglected in practical applications
and B$ being equal to 58 G (Fessenden and Schuler, 1963).
The Abiso-values for both b-protons can be determined via
a simulation of the experimental X-band (;9 GHz) EPR
spectrum. The two unknowns, rC1 and u, can then be found
from a system involving the use of Eq. 1 written for the two
protons. Knowing the value of u for a tyrosyl radical is
important for identiﬁcation of the responsible tyrosine res-
idue, because this angle can be directly measured for any
tyrosine, if the three-dimensional structure of the protein is
known.
Thus, tyrosyl radicals with different rotational conforma-
tions of the phenoxyl ring will have EPR spectra with
different patterns of hyperﬁne structure. This rationalization
of the variability of the EPR lineshapes (Fig. 1) has been
generally validated in a number of publications by computer
simulation of the experimental X-band EPR spectra of
tyrosyl radicals (Sahlin et al., 1982; DeGray et al., 1992;
Hoganson and Babcock, 1992; Schmidt et al., 1996; Allard
et al., 1996; Ivancich et al., 1996, 2001a,b; Himo et al., 1997;
Shi et al., 2000; Gunther et al., 2000; Di Bilio et al., 2001;
Warncke and Perry, 2001; Svistunenko et al., 2002). Un-
fortunately, it is usually necessary to specify;30 parameters
to simulate a tyrosyl radical EPR spectrum. Although many
agree that most of these parameters are conserved, i.e.,
constants for all tyrosyl radicals, there are still 12 non-
conserved parameters which have to be speciﬁed individu-
ally for every type of tyrosyl radical. This considerable
number of degrees of freedom unavoidably results in a low
accuracy in the parameters determined. The extent of these
errors results in a signiﬁcant degree of ambiguity over the
conclusions this type of study can possibly hope to achieve.
When analyzing the simulation parameters previously
reported for different tyrosyl radicals we found that no single
set of the rotation-independent parameters could be success-
fully used to simulate all known tyrosyl radical spectra when
only the b-protons’ splitting constants are allowed to vary. In
other words, the variability of the lineshapes of the X-band
EPR spectra of tyrosyl radicals cannot be exclusively ex-
plained by different angles of rotation of the phenoxyl group.
We therefore report here a completely new approach to the
simulation of the tyrosyl radical EPR spectra. We have de-
veloped an algorithm enabling us to determine all simulation
parameters, using only two input variables: the unpaired spin
density on atom C1 and the phenoxyl ring rotation angle.
These two input variables, being clear physical and geo-
metrical values and not mathematical constructs, can only
be varied within known limited intervals. Thus, we have
managed to shrink the 30-dimensional space of tyrosyl
radicals existence to a tiny two-dimensional plane with
clearcut borders at all four sides. The fact of the tyrosyl radical
spectra dependence on rC1 and on the angle of the phenoxyl
ring rotation is already well established. The importance of
our results is in our new ﬁnding that every spectrum is
completely deﬁned by just these two values. All noncon-
served parameters necessary for the simulation of the
spectrum can be derived (calculated) from the spin density
and the rotation angle. This has only become possible because
we have found new empirical relationships between the pa-
rameters previously considered independent; the most impor-
tant of these is the relationship between rC1 and the g-factor
components.
By using the algorithm, it is possible to deﬁne whether
a tyrosyl radical is responsible for the observed EPR spectrum
and, if so, the most likely site harboring the radical can be
identiﬁed on the protein. Additionally, the use of the algo-
rithm allows us for the ﬁrst time to predict an EPR spectrum,
i.e., to simulate a lineshape that has not been experimentally
determined yet.
FIGURE 1 The X-band EPR spectra of Tyr radicals in different proteins.
(A) P. denitriﬁcans CcO1H2O2 (MacMillan et al., 1999); (B) horse
metMb1H2O2 (Miki et al., 1989); (C) mouse TA3 cells RNR (Sahlin et al.,
1987); (D) E. coli RNR (Hoganson and Babcock, 1992); (E) ovine PGHS,
wide doublet (Kulmacz et al., 1990); (F) ovine PGHS, narrow singlet (Dorlet
et al., 2002); (G) soybean metLb1H2O2 (Davies and Puppo, 1992); (H) S.
typhimurium RNR (Allard et al., 1996); (I) A. thaliana photosystem II YcD
radical (Svistunenko et al., 2002); (J) metHb1H2O2 (Svistunenko et al.,
2002); and (K) bovine catalase1peroxyacetic acid (Ivancich et al., 1996).
The spectra were plotted on a common magnetic ﬁeld axis as described in
Software and Methods. The gridlines are drawn at a 20-Gauss interval.
FIGURE 2 A deﬁnition of the ring rotation angle in tyrosine. The ring
rotation angle u in tyrosine is deﬁned in this article for view A. It is the angle
for proton b1; it is positive when measured clockwise from the upward
perpendicular to the ring plane when the CbR bond is below the
horizontally oriented ring plane.
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SOFTWARE AND METHODS
Software used
UN-SCAN-IT Automated Digitizing System, Version 5.0 (Silk Scientiﬁc
Corporation, http://www.silkscientiﬁc.com/) was used to digitize scanned
EPR spectra published in the literature. The program simpow6 (Mark Nilges,
Illinois EPR Research Center, http://ierc.scs.uiuc.edu/;nilges/software.
html) was used for the EPR spectra simulation. Swiss-PdbViewer 3.7
(http://ca.expasy.org/spdbv/text/disclaim.htm) was used to analyze the
three-dimensional structure of the proteins and to measure the dihedral
angles that were used to calculate u.
All spreadsheet-calculators (see Supplementary Material for these tools)
were created in Microsoft Excel 2000:
theta_in_tyr.xls—ﬁle-calculator for ﬁnding u and rC1 for any pair of
values Ab1iso and A
b2
iso (four solutions) or to calculate A
b1
iso and A
b2
iso for
ﬁxed u- and rC1-values (single solution).
g_and_k.xls—ﬁle-calculator for ﬁnding gx, gy, and gy from K, or to
calculate gy, gy, and K from gx.
algorithm.xls—calculates all parameters necessary for a simulation of
a tyrosyl radical EPR spectrum while using two input parameters, rC1
(the spin density on atom C1; range of values 0.320–0.440) and the
phenoxyl ring rotation angle u (range of values 90 to 190).
al_XB.xls and al_HF.xls (at least one pair of these ﬁles per each
radical)—for calculating the simulation parameters for concrete
X-band and high ﬁeld (HF) EPR spectra of a Tyr radical; these are
the abbreviated (low graphics) versions of the algorithm.xls ﬁle with
the values of rC1 and u already typed in for every radical spectrum,
so that the full set of the simulation parameters is readily available
for every spectrum presented in the article.
Plotting Fig. 1
The X-band EPR spectra of tyrosyl radicals in different proteins, published
by different authors, were scanned and digitized using UN-SCAN-IT. The
magnetic ﬁeld axis, common for all spectra, is not shown since the absolute
value of the resonance ﬁeld is different for each spectrum due to different
microwave frequencies used. All spectra are aligned horizontally by an
arbitrary chosen g-factor (2.005), the exact position of which on each
spectrum was determined after the simulations of these spectra were
performed.
Determination of the ring rotation angle u from
the dihedral angles
Protons are not resolved in the x-ray crystallographic data, so angle u can
only be determined indirectly from the dihedral angle formed by the ring
plane and the RCbC1 plane (Fig. 3).
From the ﬁgure, u ¼ 90 – (120 – f2) ¼ f2 – 30. Since f2 is only
approximately equal to (180–f6), because the ring atoms never form an ideal
plane, we used an average value instead of f2. Thus,
u ¼ ð180 f6Þ1f2
2
 30:
The angles f2 and f6 are dihedral angles and can be measured by the
appropriate Swiss-PbdViewer tool. For more details see the home page of
our Rotation Angle database (http://privatewww.essex.ac.uk/;svist/lev1/
tyrdb/home.shtml). This database is a collection of data on the value of angle
u in tyrosine residues in various proteins.
Plotting the spectra in Table 1
All experimental and simulated X-band spectra are presented in a 80-G wide
ﬁeld window centered at the g-factor value of 2.00500 (the absolute values
of the ﬁeld being different for different spectra, and not shown). All the HF
spectra are also plotted on a regular magnetic ﬁeld scale, although not only
the absolute values of the ﬁeld but the ﬁeld ranges as well are different for
different spectra. The standard for the HF spectra presentation is chosen
therefore as follows: the left edge of the ﬁeld window for every HF spectrum
corresponds to the g-factor of 2.01100, and the right edge corresponds to the
g-factor of 1.99900. Consequently the middle of the window corresponds
approximately, although with a good accuracy, to the g-factor of 2.005.
Thus, the HF and the X-band windows are set with the center corresponding
to the same g-factor, 2.005.
Determination of the errors in rC1 and u
(Table 1 and Fig. 7)
The errors in determination of the optimal values of rC1 and u (Table 1) were
found during the simulation of the spectra, when either rC1 or u was varied
around its optimal value, whereas the other parameter (u or rC1,
respectively) was kept at its optimal value. The error in rC1 was determined
when the deviation in this parameter resulted in a HF spectrum noticeably
different from the experimental HF spectrum. Similarly, the error in u was
determined when this parameter was varied around its optimal value and the
changes in the simulated X-band spectrum were monitored. For the tyrosyl
radicals with unknown HF spectra (in leghemoglobin, hemoglobin,
myoglobin, and cytochrome c oxidase), the error in rC1 was found while
varying this value and monitoring the changes in the X-band simulated
spectrum. Since the X-band spectra are less sensitive to the g-factor changes
than the HF spectra, the errors in rC1 determined for these four cases are
signiﬁcantly greater than when determined by monitoring the HF simulated
spectrum.
RESULTS
How can we develop an algorithm that can be used to
calculate all the parameters necessary for simulation of an
EPR spectrum of a tyrosyl radical? To simulate a tyrosyl
radical EPR spectrum, one needs to specify ;30 parameters
(this number could slightly vary depending on the simulation
software used). Most of these parameters are conserved; they
are thought to be the same for all different tyrosyl radicals.
However, different articles quote slightly different values for
these conserved parameters (see Supplementary Material,
Algorithm description.pdf, Table S1). This brings up a
problem: the conserved parameters, used to simulate a tyrosyl
FIGURE 3 The ring rotation angle u can be found from directly
measurable dihedral angles f2 deﬁned by R–Cb–C1–C2 and f6 deﬁned
by R–Cb–C1–C6 (note that f2 and f6 have opposite signs).
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TABLE 1 The simulation of the HF and X-band EPR spectra of tyrosyl radical in
different proteins
(Continued )
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TABLE 1 (Continued)
(Continued )
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TABLE 1 (Continued)
In each box, the simulated spectrum is shown below the experimental one. All experimental spectra are taken from the literature. When experimental
spectrum is not available, only the simulated one is present. In three cases (6, 9, and 10), the dashed trace corresponds to the spectrum simulated for a greater
than the algorithm predicts x-component of the linewidth, all other parameters being generated by the algorithm. The optimal values of the algorithm input
parameters rC1 and u, used to calculate the simulation parameters (see Supplementary Material, Simulation Data), are indicated under the spectra. The
radicals in the table are arranged by ascending rC1. For each radical, the two optimal u-angles, equivalent in terms of providing the simulation parameters, are
compared with the u-angle found from the crystal structure, the latter shown under the corresponding optimal angle. The tyrosine number and the Protein Data
Bank (http://www.rcsb.org/pdb/) ﬁle, e.g., 1R2F for S. typhimurium RNR (Eriksson et al., 1998), are indicated. Other structure ﬁles quoted in the table were
ﬁrst presented in the articles: 1QLE (Harrenga and Michel, 1999), 1RIB (Nordlund and Eklund, 1993), 1WLA (Maurus et al., 1997), 1HGB (Liddington et al.,
1992), 1PGF (Loll et al., 1996), 1XSM (Kauppi et al., 1996), 4BLC (Ko et al., 1999), 1EQG (Selinsky et al., 2001), and 1BIN (Hargrove et al., 1997). The
details of 1), how the errors in optimal rC1 and u were determined; 2), how the spectra were plotted on a common magnetic ﬁeld axis; and 3), how the
u-values were found from the crystal structure, are all described in Software and Methods.
#The algorithm (available in Supplementary Material as the ﬁle calculator algorithm.xls) allows us to vary the angle between the projections of the bonds Cb–
Hb1 and Cb–Hb2 to the y–z plane (default value is 120). The photosynthetic YcD radical is the only occasion when we exercised this option.
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radical spectrum, often do not work as well when used
unchanged (as conserved) in a simulation of another tyrosyl
radical spectrum; the simulation results in a spectrum
noticeably different from the experimental one. To solve
this problem, our algorithm provides for the ﬁrst time values
of the conserved simulation parameters that work equally
well for all simulations. These values (see Supplementary
Material, Algorithm description.pdf, Eqs. S1 and S2) are the
same in all our simulations of tyrosyl radical spectra mea-
sured at all frequencies (see below).
The nonconserved parameters are those that might be
different for different tyrosyl radicals. There are 12 of
those—three spatial components of four physical values:
hyperﬁne splitting constants for the two b-protons Ab1j and
Ab2j ; g-factor gj, and individual linewidth DHj (j ¼ x, y, z). It
is generally accepted that the hyperﬁne splitting constant
tensors for the b-protons are axial: Ab1x ¼ Ab1y ; Ab2x ¼ Ab2y :
This decreases the total number of nonconserved parameters
from 12 to 10. Thus, different lineshapes of tyrosyl radicals
in different protein system are caused by the differences in
the 10 (of the 30 total) simulation parameters. To simulate
a tyrosyl radical EPR spectrum means to ﬁnd a point in a
10-dimensional search space.
It is reasonable to suggest that not all of these 10
nonconserved parameters are independent and that, in fact,
some can be expressed as functions of the others. If we knew
what these truly independent parameters were, and how the
other parameters could be derived from the independent
ones, this would then decrease the dimension of the search
space and would signiﬁcantly facilitate the simulation
process. The accuracy of such a simulation would also be
signiﬁcantly higher, since the random error would be re-
sulted from adding up the random errors of fewer variables.
The details of the theory behind the algorithm are given in
Supplementary Material, Algorithm description.pdf. Below,
we are giving a brieﬂy summary of the algorithm. First, we
have introduced a variable K,
K ¼ ð1=gy  1=gxÞ=ð1=gz  1=gyÞ: (2)
The usefulness of K is that it can be measured with a high
accuracy directly from a high ﬁeld (HF) EPR spectrum,
without actually knowing the values of the g-factors, since
the deﬁnition in Eq. 2 is equivalent to the ratio of the
distances between components x and y and between com-
ponents y and z: (Hy–Hx)/(Hz–Hy).
We have measured K directly from all available HF
spectra and showed that, for different radicals, the three
g-factors can be represented as smooth continuous empirical
functions of K. Thus we have added one new variable (K) to
our set of 10 parameters, but have formulated three more
equations. This brings down the number of independent
variables from ten to eight.
In a similar way we demonstrate that the individual
linewidth components DHj (j ¼ x, y, z) can be represented,
like the g-factors, as functions of K (the graphical repre-
sentations of these dependences are given in Supplementary
Material, Algorithm description.pdf):
DH
b
x ¼ 18:49K41 129:51K3  331:31K21 362:86K
 138:47;
DH
b
y ¼ 6:60K41 48:00K3  125:07K21 135:15K
 47:64;
DH
b
z ¼ 3:45K41 27:61K3  77:59K21 88:82K
 32:27;
where subscript b indicates that these are the basic linewidth
components, independent of the spectrometer settings (the
value of the modulation amplitude should be added to these
values). Addition of these three equations to the system
results in a further reduction of the number of independent
variables by three; there are ﬁve variables now: K, Ab1? ; A
b1
k ;
Ab2? ; and A
b2
k :
Using highly precise data for the axial hyperﬁne splitting
constants for the b-protons in the photosynthetic radical in
three different organisms (Rigby et al., 1994), we have
formulated an empirical dependence of the Abjk =A
bj
? ratio on
the rotation angle u (the graphical representation of this
dependences is given in Supplementary Material, Algorithm
description.pdf):
A
bj
k =A
bj
? ¼ a1 b ecu;
where a ¼ 1.12, b ¼ 9.37 106, and c ¼ 0.162 degree1.
Writing this dependence for the two b-protons enables us
to add two more independent equations to our system of
dependences, although only adding one new independent
variable u. Therefore, we effectively have, at this step, four in-
dependent variables.
Finally, the McConnell relation written for the two protons
would add two more independent equations and three new
variables: Ab1iso; A
b2
iso; and rC1 (angle ub2 for the second
b-proton is not a new independent variable since it is
considered to be equal to ub11120 where ub1 is a variable
already employed; ub1 equals to u from the previous
paragraph). Effectively, the number of independent variables
is increased by one (there are now ﬁve variables). However,
the isotropic hyperﬁne splitting constants are not really
independent variables; they can be explicitly expressed over
the parallel and perpendicular components:
A
b1
iso ¼ ð2Ab1? 1Ab1k Þ=3
A
b2
iso ¼ ð2Ab2? 1Ab2k Þ=3
)
: (3)
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Thus we have just added two more equations without
adding any new variables, which decreases the number of
independent variables by two, down to the ﬁnal number of
three.
Now, it is completely our choice which of the variables we
are going to set as independent. For convenience we select K,
Ab1iso; and A
b2
iso: We can now calculate all 10 nonconserved
simulation parameters from these three input variables.
The initial version of our algorithm described above
decreases the dimension of the search space in ﬁnding the
right simulation parameters from 10 to 3. We have
successfully used this version to simulate all previously
published tyrosyl radical EPR spectra. However, one
unexpected, and exciting, result led to a signiﬁcant improve-
ment in the algorithm. The dependence between rC1 and gx
turned out to be practically linear (see Supplementary
Material, Algorithm description.pdf, Fig. S10). Therefore it
follows that, instead of K, the values of gx, gy, and gz can
now be expressed over rC1 (Fig. 4). This is the ﬁrst time that
a relationship between the g-factor and the spin density has
been reported. As rC1 increases, the three g-factors become
closer to each other approximating the g-factor of a free
electron. This behavior of the g-factor anisotropic compo-
nents is similar to that we have previously described in the
ferric heme proteins, when the three components tend to a
single isotropic g-value of a free radical as the unpaired spin
density shifts from the heme to the ligand (Svistunenko et al.,
2000).
We have incorporated the ﬁrst of the dependences (Eq. 4)
into the latest version of our algorithm
gx ¼ 0:0359rC11 2:02160: (4)
Adding this linear dependence between rC1 and gx to the
system of dependences brings the number of truly in-
dependent variables down to two. As before, it is our choice
which two parameters we consider independent. The version
of the algorithm presented in this article uses the spin density
rC1 and the ring rotation angle u.
Thus, our revised algorithm is capable of calculating all 10
nonconserved parameters using only two input variables: rC1
and u. The algorithm, as a calculating tool, is available in the
form of an Excel ﬁle-calculator algorithm.xls (see Supple-
mentary Material).
Fig. 5 illustrates how all the nonconserved simulation
parameters, Ab1j ; A
b2
j ; gj, and DHj (j ¼ x, y, z), can now be
derived from just two input parameters, rC1 and u. Con-
sequently, the best simulation can be found far more readily,
as thewhole search space is diminished from ten to twodimen-
sions. Importantly, the two input parameters, as they have a
very clear physical meaning, can only be varied within certain
limits: the phenoxyl group rotation angle u makes the full
cycle every half of the 2p revolution and is therefore deﬁned
on the interval of (90; 190), whereas rC1 in all so-far
known tyrosyl radicals varies within a narrow interval of
0.350–0.420, according to our results (shown below).
We have used our algorithm to simulate the lineshapes of
all tyrosyl radical spectra we have been able to ﬁnd in the
literature, measured by both X-band and HF EPR spectros-
copy (Table 1). For every radical, the same pair of optimal
rC1- and u-values was used to generate the simulation
FIGURE 4 The r-g chart for tyrosyl radicals in proteins. The chart shows
the empirical dependences derived in the Supplementary Material,
Algorithm description.pdf, of the g-factor components on the spin density
on the C1 atom. The g-factor axis is given in a reverse order, increasing from
the right to the left. The g-factor of a free electron (2.002319) is shown as
a dotted vertical line.
FIGURE 5 The schematic representation of the algorithm for ﬁnding the
simulation parameters for a tyrosyl radical EPR spectrum (see Supplemen-
tary Material, Algorithm description.pdf). The simulation parameters shown
in the four boxes on the right are calculated according to the indicated
formulas given in Algorithm description.pdf. The values of the input
parameters u and rC1 deﬁne the isotropic hyperﬁne splitting constant for the
methylene b-protons. The x-, y-, and z-components of these constants are
found from the isotropic value and from the value of u. The rC1-value alone
deﬁnes the three components of the g-factor. The linewidth components DHj
are found from the basic linewidth values DHbj and from the value of the
modulation amplitude Am used; a small constant cAm that accounts for
inaccuracy in the modulation ﬁeld calibration might be added to Am. The
basic linewidth components DHbj (intrinsic radical properties independent of
the spectrometer used) are direct functions of the parameter K which is, in
turn, a direct function of the three g-factors. All calculations can be
preformed using the ﬁle calculator algorithm.xls, available as Supplemen-
tary Material online.
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parameters for both HF and X-band spectra. Our method of
simulation is thus a way to accurately ﬁnd these two physical
characteristics. Once there is a deviation from the optimal
value in an input parameter, say rC1, the algorithm would
generate a different set of 10 nonconserved output (simula-
tion) parameters; the resulting simulated spectrum based on
such values will be different (worse) than the optimal
simulated spectrum.
For a particular value of rC1 there are two possible values
of u in the range of (90;190) that result in generation of
identical sets of simulation parameters (see Supplementary
Material, theta_in_tyr.xls, for details). EPR spectroscopy
alone is unable to tell which of the two angles corresponds to
the actual conformation of the radical. Therefore, if we want
to ﬁnd out which Tyr residue is responsible for the radical in
a particular protein, we will have to compare the rotational
conformations of all Tyr residues with each of two possible
u-angles. We have created an online database (http://
privatewww.essex.ac.uk/;svist/lev1/tyrdb/home.shtml) that
can help in performing this task. It is possible by using the
database to display the list of Tyr residues in a protein, to set
a target value utarget, and to sort all residues by the difference
ju–utargetj. The top of the sorted table of records shows the
residues with the closest rotational conformation to the
radical’s rotational conformation as determined by our
algorithm.
By having only two degrees of freedom in the simulation
of the EPR spectrum, we ﬁnd ourselves in a position to be
able to predict an EPR spectrum that has not actually been
measured before. There are four instances in Table 1 when
the HF experimental spectrum is not known. The optimal
rC1- and u-values were found from the X-band simulations
and simply used to simulate (and thus predict) the HF spectra
(Table 1).
For the catalase radical and for both PGHS radicals, the
optimal simulation of the HF spectrum was only attained
when the width of the x-component was markedly increased
as compared with the algorithm-generated parameter (note
the dashed traces for the HF spectra for the three radicals,
Table 1). This is associated with a gx-distribution in the
radicals (variable population of radicals with differing values
of gx), caused by a distribution of the H-bond strength
(Ivancich et al., 1999). Since we show that gx and rC1 are
related (Eq. 4), it follows that rC1 is also distributed in these
particular radicals.
DISCUSSION
We have developed a semiempirical algorithm that enables
us to determine accurately rC1 for all known tyrosyl radicals,
evaluates the likelihood of a hydrogen bond, and determines
the possibility of a rC1 distribution in the radicals. We call
our algorithm semiempirical because it does more than
simply interpolate existing literature data. For example, if
someone wanted to establish a pure empirical relationship
between rC1 and the g-factors they might attempt to plot the
available values of these parameters (see Supplementary
Material, Algorithm description.pdf, for Tables S3 and S5)
on one plane. The result would be as shown in Fig. 6.
Obviously, it is not possible to average these rough data
and to construct continuous and smooth empirical depen-
dences between rC1 and the g-factors. Not surprisingly, no
relationship has been previously reported between these
parameters.
FIGURE 6 The literature data on the
three g-factors and the spin density on
the C1 atom in different tyrosyl radi-
cals. The thick segment of the rC1 axis
indicates the size of Fig. 7 if plotted on
this scale. The dotted vertical lines
approximately indicate the gx, gy, and
gz areas. The data quoted can be found
tabulated in Supplementary Material,
Algorithm description.pdf, Tables S3
and S5.
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When a lack of accuracy in the literature data does not
allow us to ﬁnd continuous and smooth relationships be-
tween parameters, we must hypothesize about what these
relationships actually are. While observing the condition that
our hypothetical relationships should lie within available
experimental errors, we justify our hypothesis by successful
simulation of all known lineshapes of tyrosyl radical EPR
spectra. The same graph as shown in Fig. 6, but plotted
according to our algorithm is demonstrated in Fig. 7. This
ﬁgure shows that the g-factors we calculate are in good
correspondence with those previously reported. At the same
time, the values of rC1 we ﬁnd for different tyrosyl radicals
turn out to be within the range of 0.350–0.420 (DrC1 ¼
0.07), which is a ﬁvefold narrower interval than that known
from the literature (0.14–0.49, DrC1 ¼ 0.35; see Fig. 6; see
also Supplementary Material, Algorithm description.pdf,
Table S5). More than that, we are able to specify rC1 for
every radical within an error of 0.005. A high accuracy in rC1
is important, because it ensures a correspondingly high ac-
curacy in ﬁnding the rotation angle, which, in turn, allows
identiﬁcation of the Tyr residue in the protein—the ultimate
goal of such studies, successfully achieved in our work.
The scientiﬁc novelty of our results is in the fact that we
make a leap from Fig. 6 to Fig. 7. Not only does our method
ﬁnd all parameters necessary for the simulation of tyrosyl
radical EPR spectra, it also establishes a new empirical
relationship between the spin density on atom C1 and the
g-factors (Fig. 4); we look forward to an independent
quantum mechanical justiﬁcation of these relationships.
The value of gx can be used to assess the electrostatic
environment of tyrosyl radicals. In particular, if gx is shifted
to lower values it indicates the possibility of a hydrogen
bond (Ivancich et al., 1999). Since we have established the
linear dependence between rC1 and gx (Eq. 4) the possibility
of a hydrogen bond is now associated with the spin density
on C1. Fig. 7 shows that the radicals in a hydrophobic
environment, such as in S. typhimurium and E. coli RNR and
in CcO, are in the bottom of the r-g chart (low values of rC1),
whereas the radicals known to have a hydrogen bond due to
the proximity of a protonated oxygen atom to the phenoxyl
oxygen (both PGHS radicals, the YcD radical in PSII, and the
radicals in bovine catalase and mouse RNR) are all in the
middle and the top of the chart. We suggest that all radicals
with rC1 . 0.38 are H-bonded, and that the higher the rC1-
value, the stronger the bonding.
When the experimental HF spectrum shows the width of
the gx component is signiﬁcantly broader than the algorithm
predicts (catalase radical and both PGHS radicals, Table 1),
this points to a distribution of gx (and, consequently, rC1) in
the population of the radicals. Such distribution is associated
with the distribution of the strength of the H-bond (Ivancich
et al., 1999). Interestingly, the fact of H-bond strength
distribution does not seem to be associated with the strength
itself: gx is clearly not distributed in the mouse RNR radical
and in PSII-YcD; yet the rC1-values for these radicals (and the
strength of the H-bond) are between those for the PGHS
narrow singlet and the catalase radical, both having
distributed gx-values.
For decades, researchers have been using the McConnell
empirical relation for ﬁnding rotational conformation of
tyrosyl radicals and rC1 from the isotropic hyperﬁne splitting
constants for the b-protons. Such an approach is much less
accurate than the one we suggest. Traditionally, a researcher
has to make the following few steps to ﬁnd rC1 and u: 1), to
make a hypothesis about four axial values of the hyperﬁne
splitting constants A (two values for each of the two protons);
2), to show that the simulation is satisfactory; 3), to average
the anisotropic A-values; and 4), to use those averaged,
isotropic values in the McConnell equations written for two
protons. Such a system of two equations then has to be
FIGURE 7 The r-g chart for the 11 tyrosyl radicals
studied (d). The value of the spin density on atom C1
(rC1) for each tyrosyl radical was found as the optimal
input parameter of the algorithm for the EPR spectrum
simulation (Table 1); the principal values of the
g-factor were generated by the algorithm. The errors
in rC1 are indicated at the gx components (note sig-
niﬁcantly higher error for the radicals with unknown
HF spectrum). The continuous lines are generated by
the algorithm. The literature data on the principal
g-factors of the Tyr radicals are also shown with the
rC1-value for each radical formally assumed the same
as the value found in this work (compare with Fig. 6).
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solved, and the two unknowns, the rotation angle and the
spin density, can be found. The low accuracy of rC1 found by
this approach is explicitly illustrated in Fig. 6. Besides, this
approach results in two solutions for rC1, one of which has to
be selected and the other discarded, so additional arguments
have to be considered to make this choice (see Supple-
mentary Material, Algorithm description.pdf, and the ﬁle
calculator theta_in_tyr.xls for details). In our method we
solve an inverse problem: we suggest a way of ﬁnding the
anisotropic hyperﬁne splitting components from the rotation
angle. We have formulated this empirical approach on the
basis of highly accurate data obtained on the photosynthetic
radical found in different rotational conformations in three
different organisms (Rigby et al., 1994) (see Table S2, Fig.
S3, and Eq. S9 in Algorithm description.pdf). This has
allowed us to make a hypothesis about a single value (instead
of four), the rotation angle, and to ﬁnd the four values of the
hyperﬁne splitting constants for two protons.
A relationship between rC1 and the three g-factors, similar
to that we have described in Eq. 4, may exist for other protein
radicals. For example, the tryptophanyl radical (the second
most common protein radical) also has two b-methylene
protons for which the hyperﬁne splitting constants would
depend on the rotation angle of the indole ring in the sameway
(according to theMcConnell relation) as the constants depend
on the phenoxyl ring rotation in tyrosyl radicals. We can
speculate that the gx-value of a tryptophanyl radical is related
to the spin density on atom C3 (the ring carbon to which Cb is
attached; analog of C1 in Tyr) in a way similar to Eq. 4. Such
a hypothesis, however should be undertaken with caution
since the indole ring, unlike phenoxyl ring, does not have the
axial symmetry associated with the x axis. So, although it is
reasonable to suggest that a relationship similar to Eq. 4
would be valid for tryptophanyl radicals (the higher the rC3,
the lower the gx), such a relationship might be not linear.
Is there any experimental data to support our structural
assignments? X-ray crystallography looks at the structure of
a tyrosine in a crystal, whereas EPR looks at frozen solution
structures of tyrosine radicals. Adding/subtracting an
electron, or going to the crystal state, might perturb the
rotation angle. Although being aware of these caveats, it is
nevertheless instructive to compare the angles determined by
EPR with those obtained from the published protein structure
to see if there are cases where we have good agreement. EPR
methods alone always yield two possible values for the
phenoxyl ring rotation angle (Table 1). When there is
a consensus about the location of the radical in proteins (S.
typhimurium, E. coli, mouse RNR, and ovine PGHS wide
doublet), one of the two optimal u-values is always in a good
agreement with the value found from the crystal structure for
the corresponding Tyr residues, indicating consistency in the
values of the rotation angle found by the two different
methods (Table 1). When the location of the radical is not
known, or there is only a tentative assignment in the
literature, we suggest a method of creation of a shortlist of
tyrosine residues in the protein with a rotational conforma-
tion close to either of the two optimal u-values (Svistunenko
et al., 2003).
For example, the optimal u-value for the tyrosyl radical in
HHMb (32 or28) allows us to unambiguously identify
the residue as Tyr103 (u ¼ 31.7, Table 1) since the only
other tyrosine (Tyr146) is characterized by u ¼ 57.5,
which is markedly different from either of the optimal
u-values. Our identiﬁcation of Tyr103 as the site of the radical
in the HH metMb/H2O2 system is in agreement with earlier
assignment of this radical, also based on an analysis of the
EPR spectral lineshape (Gunther et al., 2000). The (pre-
sumably identical) radical that can be spin-trapped in the HH
Mb/H2O2 system by 2-methyl-2-nitrosopropane (Fenwick
and English, 1996) or by 3,5-dibromo-4-nitrosobenzene
sulfonate (Harris et al., 2002) was also demonstrated to be
located on Tyr103 by the use of mass spectrometry (Fenwick
and English, 1996) and by a combination of EPR, electro-
phoretic puriﬁcation, and mass spectrometry (Harris et al.,
2002).
The radical in Lg was hypothesized to be located on
Tyr133, the closest tyrosine to the heme (Davies and Puppo,
1992). Indeed, the value of angle u in this residue, when
averaged over two identical chains, is 52.0, as can be found
from structure ﬁle 1BIN (Hargrove et al., 1997). This value is
only 7 different from the angle of 45 obtained from our
simulation (Table 1). Two other tyrosine residues in this
protein, Tyr25 and Tyr30, are less probable candidates, in that
the corresponding averaged angles for these residues are 8.5
and 28.7, respectively—which are 36.5 and 16.3 different
from the angle of 45. Thus, by the closeness of angle u in
the three tyrosine residues to the angle found from the
simulation—7 for Tyr133, 16.3 for Tyr30, and 36.5 for
Tyr25—the ﬁrst residue, Tyr133, is indeed the most likely site
to host the radical (Table 1), whereas the other two tyrosine
residues present in Lg are far less probable candidates.
No residue assignment has been given so far to the radical
in human metHb. Our analysis of a total of 12 Tyr residues in
Hb (structure ﬁle 1HGB; Liddington et al., 1992) have
shown that Tyr42 in the a-subunits is the most probable site
of the free radical location since angle u¼ 53 obtained from
the simulation is only 3.5 different from the value of this
angle averaged over two homologous a-subunits (u ¼
56.5). Two other sites, Tyr130 and Tyr35 in the b-subunits,
should be considered as ‘‘next most probable’’ since the
values of their angle averaged over the two homologous
b-subunits are 7.8 and 8.8 different from the value of
53 obtained from the simulation.
In bigger proteins with a large number of Tyr residues the
analysis can be more laborious. Nevertheless, a residue
responsible for the radical can sometimes still be singled out.
For example, the radical in P. denitriﬁcans CcO was
tentatively assigned to the active site Tyr280 (MacMillan
et al., 1999). Our recent data showed, however, that the
rotational conformation of Tyr280 is inconsistent with the
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radical being on this residue (Svistunenko et al., 2003).
Instead, our analysis points to Tyr167 (Table 1) as the most
probable site (of a total of 37 tyrosine residues present in
P. denitriﬁcans CcO) that could host the observed radical
(Svistunenko et al., 2003). Tyr167 is a highly conserved
residue and is close to the active site. Interestingly, our
algorithm shows that the homologous residue in the bovine
CcO (Tyr129) can be responsible (Svistunenko et al., 2003)
for the EPR spectrum observed in this enzyme and
previously assigned to a tryptophan residue (Rigby et al.,
2000). We ﬁnd it particularly intriguing that our algorithm
predicts the rotational conformation of a hypothetical tyrosyl
radical in the bovine CcO very close to the rotational
conformation of Tyr129—the residue, homologous to Tyr167
in the P. denitriﬁcans CcO, to which we have assigned the
radical in this enzyme quite conﬁdently. Clearly, more
studies are required to resolve the contradiction between
previous interpretations and our assignment of the radical in
bovine CcO.
CONCLUSIONS
We propose a universal algorithm for ﬁnding all parameters
necessary for the simulation of a tyrosyl radical EPR
spectrum. The algorithm bluntly speciﬁes the values for all
conserved simulation parameters (the same set for all
radicals) and calculates the 10 nonconserved parameters
while employing only two input variables: the spin density
on atom C1 and the phenoxyl ring rotation angle. Our
method makes it possible for the ﬁrst time to perform a global
simulation of all known lineshapes when using a common
algorithm.
The algorithm is largely based on our ﬁnding that the
principal g-values of a tyrosyl radical can be presented as
polynomial functions of rC1, the dependence of gx on rC1
being linear. This has a particular practical importance, since
gx can be measured directly by HF EPR.
Our algorithm makes it easy to determine whether an
observed EPR spectrum arises from a tyrosyl radical and
whether the radical has an H-bond. The recipe is simple: take
an HF spectrum and measure the gx-value; ﬁnd rC1 by using
Eq. 4; and use this value as the input parameter in the
algorithm and vary the other parameter, angle u, to achieve
a good ﬁt to the experimental X-band spectrum. If the HF
spectrum is not available, both parameters, u and rC1, will
have to be varied, although rC1 should only be varied within
a narrow interval of 0.34–0.43. If rC1 . 0.38, the radical is
likely to be H-bonded, and if the gx-component in the ex-
perimental HF spectrum is markedly broader than in the
simulated spectrum, the strength of the H-bond (as well as
rC1) is distributed. If a spectrum cannot be simulated using
this method, it is highly unlikely that it originates from
a tyrosyl radical.
A simulation based on our algorithm results in ﬁnding the
values of rC1 and u with unprecedented accuracy. Our new
online database, dedicated to ranking all Tyr residues in
proteins by angle u, signiﬁcantly helps in ﬁnding the residue
responsible for the radical. In many cases an unambiguous
assignment of the tyrosyl radical can be performed. Where
this is not the case, our method generates a shortlist of most
likely ‘‘tyrosine candidate sites,’’ ready to be tested one-by-
one by alternative methods—e.g., site-directed mutagenesis.
SUPPLEMENTARY MATERIAL
The following supplementary materials are available in
a single archive ﬁle by visiting BJ Online at http://
www.biophysj.org: the document Algorithm Description.pdf
(Figs. S1–S10, Tables S1–S6, Eqs. S1–S19); Excel ﬁle
calculators (algorithm.xls, theta_in_tyr.xls, g_, and_k.xls);
and the folder Simulation Data.
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